Over the last two centuries, electrical microstimulation has been used to demonstrate causal links between neural activity and specific behaviors and cognitive functions. However, to establish these links it is imperative to characterize the cortical activity patterns that are elicited by stimulation locally around the electrode and in other functionally connected areas. We have developed a technique to record brain activity using the blood oxygen level dependent (BOLD) signal while applying electrical microstimulation to the primate brain. We find that the spread of activity around the electrode tip in macaque area V1 was larger than expected from calculations based on passive spread of current and therefore may reflect functional spread by way of horizontal connections. Consistent with this functional transynaptic spread we also obtained activation in expected projection sites in extrastriate visual areas, demonstrating the utility of our technique in uncovering in vivo functional connectivity maps.
Introduction
Electrical stimulation has been used extensively to study the functional organization of the brain by establishing relationships between specific regions of the brain and behavior. This method has been central in the discovery of topographic maps involved in the generation of ocular and skeletomotor behaviors (e.g., Fritsch and Hitzig, 1870; Schä fer, 1888; Penfield and Boldrey, 1937; Woolsey et al., 1952; Robinson and Fuchs, 1969; Robinson, 1972; Tehovnik and Lee, 1993; Graziano et al., 2002; Seidemann et al., 2002) . Furthermore, it has played a prominent role in the elucidation of brain areas involved in sensory and cognitive processes (Doty, 1969; Schiller and Tehovnik, 2001; Cohen and Newsome, 2004; Tehovnik et al., 2005; Bartlett et al., 2005) . There is a vast literature on the neural elements activated by electrical microstimulation (e.g., Ranck, 1975; Doty and Bartlett, 1981; Yeomans, 1990; Tehovnik, 1996; Rattay, 1999) . Despite this, we still know very little about the local and distal brain circuits recruited during the delivery of currents to brain tissue. Most methods available for studying functional connectivity are largely inferential and depend on a reliable stimulation-elicited behavioral response (e.g., Yeomans and Tehovnik, 1988; Yeomans, 1995) or are very labor intensive, involving the isolation and behavioral testing of a plethora of single cells that respond to the electrical excitation of a distant site (e.g., Sommer and Wurtz, 2002; ).
Here we have developed a technique of simultaneous electrical microstimulation and functional magnetic resonance imaging (fMRI) in the primary visual cortex (area V1) of the macaque monkey to characterize the activity patterns that are generated locally at the site of stimulation and distally at regions innervated by the site of stimulation. To establish that the microstimulation was indeed activating neurons and not the smooth muscle of the vasculature, we determined the excitability (i.e., chronaxie) of the stimulated tissue by using the BOLD signal. We also measured the functional spread of activity around the electrode tip for a range of current amplitudes. Finally, the functional connectivity between V1 and extrastriate cortex, i.e., areas V2, V3, V3A, V4, and middle temporal cortex (area MT/V5), was examined by stimulating V1 while simultaneously imaging extrastriate cortex.
Results

BOLD Elicited by Electrical Microstimulation
The microstimulation experiments were conducted with the use of six rhesus monkeys while they were under an anesthesia protocol specifically developed for functional imaging (Logothetis et al., 1999 . A 4.7 Tesla scanner was used with protocols described in detail elsewhere ( Figure 1A ; Logothetis et al., 1999 Logothetis et al., , 2001 . During an experimental session, a single microelectrode was advanced into the gray matter of the operculum of V1. A fiber optic system was used to present different visual stimuli that were moved manually to map out the multiunit response field. The receptive-field centers of the units at the electrode tip were between 1 to 6 degrees of eccentricity, usually situated within the lower contralateral visual field (i.e., contralateral with respect to the cortical hemisphere under study). The location of the microelectrode within V1 was confirmed with the use of an anatomical MRI sequence (see Experimental Procedures). Typically, a microelectrode was positioned within the granular or infragranular layers of V1, not extending more than 1.8 mm below the cortical surface, which is the approximate thickness of striate cortex in macaque monkeys (Peters and Sethares, 1991) .
Brain activity in V1 and extrastriate visual areas was measured with BOLD during microstimulation of V1. Four-second-long trains of pulses were delivered through the microelectrode in V1, with each train followed by a 12 s period of no stimulation ( Figure 1B ) before the occurrence of the next train. Stimulation typically was comprised of 200 ms duration pulses delivered at 100 Hz. Each pulse was biphasic and balanced with the cathodal pulse leading the anodal pulse. In all experiments, the current amplitude of the stimulation pulses was manipulated. In the series of experiments done to measure chronaxie, the pulse duration was also varied. Figure 2 shows BOLD activity evoked by stimulation of one site using pulses with amplitude of 1400 mA and 200 ms duration pulses delivered at 100 Hz. Here, the electrode tip, which caused a small susceptibility artifact around it, was placed well within the gray matter of the operculum of V1 (third horizontal slice from the bottom in Figure 2A , electrode location is shown by arrow labeled "E" in Figure 2B ). Significant activation was seen around the electrode tip in V1 and within extrastriate regions of V2/V3 and MT/V5 ( Figures  2C and 2D ). In this experiment, the electrode was placed on the operculum away from the posterior genu of the lunate sulcus, and therefore the underlying neurons' receptive fields were away from the vertical meridian. Consistent with the visual topography of V2 in the macaque (Gattass et al., 1981; Brewer et al., 2002) , the activation in V2 was found within the posterior bank of the lunate away from the posterior genu of the lunate sulcus and closer to the fundus of the lunate sulcus ( Figure 2D ). Figure 3A shows BOLD activity evoked by stimulation during the same experimental session as before (Figure 2 ) but using pulses with amplitude of 800 mA and 400 ms duration pulses delivered at 100 Hz. Using these parameters, the time course of the microstimulation elicited BOLD activity in V1, within the lunate sulcus (LS), and MT/V5 is shown in Figures 3B-3D . The onset of the activity following stimulation was comparable for the three regions (all with a latency of under 2 s).
Although in this study we primarily used a train duration of 4 s (e.g., Figure 4A , left panel), we also found significant activation with the use of a series of shorter train Internal calcarine sulcus (ic), lunate sulcus (ls), superior-temporal sulcus (sts), and inferior occipital sulcus (ios) are marked. The yellow arrow points to the location of the electrode tip (E) that caused a small susceptibility artifact around it. (C) Functional map of the BOLD signal for a single brain slice computed by cross-correlating the time course of the BOLD signal for each individual voxel with a temporally shifted boxcar model of the event-related electrical microstimulation protocol (see Experimental Procedures). Electrical microstimulation parameters were as follows: current amplitude of 1400 mA, frequency of 100 Hz, pulse duration of 200 ms, and train duration of 4 s. (D) Statistically thresholded functional map is superimposed on the anatomical image (see Experimental Procedures). Significant activation is seen on the operculum of area V1, the posterior bank of the lunate sulcus of area V2/V3, and the posterior bank of the superior temporal sulcus of area MT/V5. durations of 200 ms interleaved with pauses of no stimulation of 200 ms, 400 ms, and 600 ms ( Figure 4A , right three panels from left to right, respectively). In all these cases, the amplitude of the pulses was 750 mA and their duration was 200 ms delivered at 100 Hz. The time course of the activity in V1 is shown in the corresponding panels below each activity map ( Figures 4B and 4C ).
Chronaxie Measurements
The excitability of the stimulated tissue in V1 eliciting the BOLD signal was assessed by determining its chronaxie. To deduce these values, the current threshold to activate 40% of the maximum volume of gray matter activated on the operculum (data from five V1 sites using five monkeys) was ascertained for pulse durations ranging from 50 to 600 ms to yield a strength-duration curve ( Figure 5A ). Two measures were obtained from the strength-duration curve, the rheobase current and the chronaxie. The rheobase current corresponds to the horizontal asymptote in the strength-duration curve. The chronaxie is classically defined as the duration of the threshold current pulse having an intensity of twice that of the rheobase current.
To determine the chronaxie given the limited range of pulse durations tested, the threshold current was plotted against the inverse of the pulse duration by using the method of Weiss (1901) (Figure 5B ). These data were fitted by the equation of I = I o + (I o C)/t, where I is the threshold current, I o is the rheobase current (in mA), C is the chronaxie (in ms), and t is the pulse duration (in ms). The values of I o and I o C are given by the linear regression yielding a rheobase current of 349 mA and a chronaxie of . Electrical microstimulation parameters were as follows: current amplitude of 800 mA, frequency of 100 Hz, pulse duration of 400 ms, and train duration of 4 s. Data are from same experimental section as in Figure 2. (B) Mean time course across event-related trials and standard error of the mean (SEM) of the BOLD signal in area V1 from same experiment as in (A). In the left panel, average signal across all activated voxels in area V1 is normalized for each event-related trial by subtracting the mean of a 6 s baseline preceding the onset of the microstimulation and dividing by the standard deviation of this 6 s baseline (converted to z-score). In the right panel, average signal across all activated voxels in area V1 is normalized for each event-related trial by dividing by the mean of the 6 s baseline preceding the onset of the microstimulation (converted to normalized BOLD response). The shaded area indicates the onset and duration of the microstimulation applied (train duration was 4 s). 178 ms with a 95% confidence interval between 145 and 508 ms ( Figure 5B , shaded area) for the stimulated elements generating the BOLD response in V1.
Functional Spread around Electrode Tip
Electrical microstimulation of the operculum of V1 evoked a BOLD response with a maximum spread of 5.8 mm in radius when using 4 s long trains of stimulation comprised of current pulses ranging from 10 to 1800 mA (equivalent to a charge from 2nC to 360nC because we used a fixed pulse duration of 200 ms, Figure 6A ). This range of values has been extensively used previously in the microstimulation literature (Tehovnik, 1996) . Our results are based on the stimulation of 16 V1 sites using six monkeys. The relationship between the radius of tissue activated due to passive current spread as function of current amplitude as described by Ranck (1975) is shown with the diagonal line in Figure 6A . From the data in Figure 6A , we calculated that as measured with BOLD a larger amount of gray matter, equivalent to an increase in 2.65 mm in radius (SEM 0.2 mm), is activated over what one would have expected from direct activation of pyramidal neurons according to Stoney et al. (1968) . These calculations for direct activation are based on the formula r = (I/K)
, where r is the distance of effective current spread from the electrode tip in mm, I is the current used in mA, and K is the current-distance constant with an average of 1292 mA/mm 2 for cortical pyramidal cells when using 200 ms duration pulses (Stoney et al., 1968) . Figure 6B shows the radius of tissue activated in V1 as a function of current amplitude as measured with the BOLD response. This relationship was small yet statistically significant (R 2 = 0.06, F = 4.5, p < 0.05, linear regression).
Activation of Extrastriate Areas
As illustrated previously, electrical microstimulation of V1 induced a BOLD response in areas V2, V3, V4, and MT/V5 (Figures 2, 3 , and 4). Figures 7A-7D show examples from three monkeys that microstimulation of V1 readily activated area MT/V5. Because area MT/V5 is far anterior to the region stimulated in V1 and because there is no activation between V2/V3 and MT/V5, this suggests that MT/V5 activation is due to transynaptic The average signal across all activated voxels in area V1 is normalized for each event-related trial by subtracting the mean of a 6 s baseline preceding the onset of the microstimulation and dividing by the standard deviation of this 6 s baseline (converted to z-score). The shaded area indicates the onset and duration of the microstimulation applied (4 s). (C) Same as in (B) but the average signal across all activated voxels in area V1 is normalized for each event-related trial by dividing by the mean of the 6 s baseline preceding the onset of the microstimulation (converted to normalized BOLD response).
effects rather than activation resulting from passive current spread ( Figures 7A-7D) .
As the current level was increased, the amount of tissue activated in MT/V5 increased significantly (Figure 7E ; R 2 = 0.37, F = 12.9, p < 0.01, linear regression). There was also a significant increase in the probability of activating this area with increase in current amplitude. For currents less than 600 mA (pulse duration fixed at 200 ms and stimulation frequency at 100 Hz) only 1 of 52, or 1.9%, of current conditions elicited a significant BOLD response in MT/V5, whereas for currents between 1200 and 1800 mA (pulse duration fixed at 200 ms and stimulation frequency at 100 Hz) 10 of 25, or 40%, of current conditions elicited a significant BOLD response. These proportions are statistically different (p < 0.001, c 2 test).
Discussion
In earlier studies, Schlosser et al. (1999) stimulated the cerebral cortex of human patients while performing fMRI to study the disruptive effects of electrical stimulation on language, and Austin et al. (2003) stimulated the motor cortex of anesthetized rats while using fMRI to record the effects of direct and indirect stimulation. Unlike these studies that delivered electrical stimulation to the surface of cortex, all of our stimulations were performed with the use of microelectodes that were inserted into the gray matter of cortex by using MRI for guidance. Microelectrodes inserted into gray matter enables the use of currents in the microampere range and to more precisely perturb local circuits. All of our stimulations were monopolar to assure that only one site was directly activated at one time. In the experiments of Schlosser et al. and Austin et al., stimulation was delivered between two surface electrodes: as a result, two cortical regions were being simultaneously directly activated. This double stimulation method increases the amount of tissue activated. Also, our study differed from that of Schlosser et al. in that an anesthetized preparation was used to reduce head-movement artifact, which could have greatly compromised our measures of excitability and extent of tissue activated. The anesthetized preparation also offered us the possibility to run long single experimental sessions (around 12 hr)-something not possible with the awake, behaving macaque preparation. Future studies combining microstimulation and fMRI during behavior will be crucial in order to decipher the relationships between activation patterns and behavioral function. Comparison between the results from the anesthetized and awake experiments will also provide valuable information regarding the effects of anesthesia on the activity patterns generated by microstimulation.
Excitability of V1 Elements Yielding the fMRI Signal
A chronaxie is a measure of neuronal excitability. Axons have shorter chronaxies than cell bodies (Ranck, 1975; Nowak and Bullier, 1998 ) and large, myelinated axons have shorter chronaxies than small, nonmyelinated axons (Ranck, 1975; Li and Bak, 1976; West and Wolstencroft, 1983) . By using our procedures, we found that the excitability of the stimulated elements yielding the fMRI signal was similar to that of neuronal elements, i.e., chronaxies falling between 145 and 508 ms (Ranck, 1975) , and not to that of other tissues, such as smooth muscle, which exhibit chronaxies ranging between 6000 and 13000 ms (Sibley, 1984) . More specifically, our chronaxie values overlap with those of cortical pyramidal neurons (Stoney et al., 1968; Asanuma et al., 1976) . Both simple and complex cells in V1 exhibit a pyramidal morphology (Gilbert and Wiesel, 1979) , and these cells are activated by electrical stimulation (Ronner et al., 1981) .
The chronaxies of V1 elements generating the fMRI response also overlap with those mediating behavioral responses evoked electrically from V1 of monkeys and humans. In monkeys, the chronaxies of stimulated V1 elements generating saccadic eye movements and conditioning responses range from 100 to 500 ms (Bartlett et al., 2005; Tehovnik et al., 2005) . In humans, the chronaxies of stimulated V1 elements producing phosphenes range from 100 to 400 ms (Brindley and Lewin, 1968; Dobelle and Mladejovsky, 1974; Rushton and Brindley, 1978) . Whether the same pyramidal elements in V1 mediate the above behavioral responses and the fMRI responses reported in our study is unclear. Methods will need to be developed to selectively and transiently inactivate particular groups of neurons in V1 to ascertain whether the same neurons mediate the behavioral and fMRI responses evoked electrically from V1.
Amount of Neural Tissue Activated Locally by Microstimulation of V1
Based on our fMRI results, a 4 s stimulation train of pulses delivered at 100 Hz and with a pulse duration of 200 ms activated 2.65 mm larger in radius tissue than expected from directly activated pyramidal neurons according to Stoney et al. (1968) . A number of reasons can account for the difference between our results and those of Stoney et al. The spread measured with BOLD could reflect a hemodynamic spread or synaptic activity that may not necessarily lead to spiking activity. Nevertheless, it is likely that the measured spread of BOLD activation reflects in addition spiking activity that arises as a result of transynaptic spread. Another major difference between our study and Stoney et al. is the number of pulses delivered. In our study we used long trains of pulses (4 s), whereas in Stoney et al. single pulses were delivered. However, it has been previously shown that a single electrical pulse delivered to neural tissue also activates fibers transynaptically within the cortex (Stoney et al., 1968; Asanuma and Rosé n, 1973; Jankowska et al., 1975; Asanuma et al., 1976; McIlwain, 1982; Butovas and Schwarz, 2003) . For example, a 5 mA (at 0.2 ms pulse duration) current pulse delivered to motor cortex can activate neurons laterally and transynaptically out to 1.5 mm from the electrode tip (Asanuma and Rosé n, 1973). Delivering a train of four 5 mA pulses (at 400 Hz) to the superior colliculus can activate tissue up to 2-3 mm from the electrode tip (McIlwain, 1982) . Accordingly, it should not be surprising that focal electrical stimulation of V1 in monkeys produces lateral spread of neural activity because V1 is comprised of columns that are interconnected by horizontal projections (Gilbert and Wiesel, 1989) . In monkeys, these projections extend laterally about 1-3 mm (Fisken et al., 1973; Blasdel et al., 1985; Fitzpatrick et al., 1985; McGuire et al., 1991) . This range of distances overlaps with the lateral spread of the fMRI response (i.e., 2.65 mm radial spread beyond the expected range of activation due to the passive spread, calculated from Figure 6A ). (A) Relationship between radius of functional activation spread and current amplitude plotted using the convention of Ranck (1975) . The relationship between the passive spread of current and radius of directly activated tissue, I = Kr 2 (where I is the current amplitude in mA, and r is the radius of activated tissue in mm), is shown by the solid diagonal line K = 1292 mA/mm 2 (Stoney et al., 1968) . K is the current-distance constant, which indicates the amount of current required to directly activate neural tissue 1 mm away from the electrode tip. The greater the current-distance constant the less the conduction velocity (and hence the less the excitability) of a directly stimulated axonal element (Jankowska and Roberts, 1972; Roberts and Smith, 1973; Hentall et al., 1984) . Dots show functional spread measurements using BOLD for different current amplitudes, with the remaining parameters fixed at a 200 ms pulse duration, a 100 Hz pulse stimulation frequency, and a 4 s train duration (see Experimental Procedures for details). Data were collected from six monkeys corresponding to 16 different experimental sessions yielding data on a total of 16 V1 sites. The currents used ranged from 10 to 1800 mA. Based on these data, we calculated that the activated cortical region is 2.65 mm in radius (SEM 0.2 mm) beyond what one would have expected from direct activation of pyramidal neurons. These calculations are based on the formula r = (I/K) 1/2 , where r is the distance of effective current spread from the electrode tip in mm, I is the current used in mA, and K is the current-distance constant with an average of 1292 mA/mm 2 for cortical pyramidal cells when using 200 ms duration pulses (Stoney et al., 1968) . The spread of activation beyond the bounds expected from passive current spread was not simply the result of a bias introduced by our clustering algorithm for detecting significantly activated voxels (see Experimental Procedures). We also calculated the spread across all experiments by assigning a value of zero spread for any cases that did not produce statistically significant activity. This underestimated the measurement of activity spread, but still yields that the activated cortical region is 1.5 mm in radius (SEM 0.19 mm) beyond what one would have expected from direct activation of pyramidal neurons. (B) Histogram of radius of activated cortex on the operculum plotted as a function of current amplitude (same data as in [A] ). There is a statistically significant correlation between current amplitude and radius (R 2 = 0.06, F = 4.5, p < 0.05, linear regression). In some of these experiments, we found activity in either the last or the first brain slice, which raised the possibility that the spread of functional activity was being underestimated. To exclude this possibility, we analyzed only the experimental sessions for which we had no significant activation in both the first and the last brain slice and found very similar results to those presented in (A) and (B). Specifically, the radius of current spread for these data is 1.8 mm in radius (SEM 0.27 mm) beyond what one would have expected from direct activation of pyramidal neurons.
Neuron
Electrical Stimulation Can Evoke Precise Behavioral Responses
Focal electrical stimulation can elicit precise behavioral responses, even though from our study and others there is evidence that neurons situated laterally by 1-3 mm from the site of direct stimulation can be activated transynaptically. One of the best examples of this behavioral precision comes from the work of David A. Robinson (1972) . By stimulating the superior colliculus (a structure having a 5 3 5 mm surface) with the use of trains with current pulses as high as 1000 mA, he discovered a topographic map that codes for the size and direction of saccadic eye movements. Similarly, currents as high as 1000 mA have been used to disclose other functional maps in the brain (Robinson and Fuchs, 1969; Tehovnik and Lee, 1993; Graziano et al., 2002) .
Our study revealed that electrical stimulation activates a larger region of the cortex than that expected by the direct excitation of cortical elements. The behavioral effects of microstimulation are therefore likely caused by decoding the activity of a population of neurons significantly larger than the one activated directly due to passive current spread in the vicinity of the electrode. One plausible explanation is that the output of the directly activated neurons in cortex dominates the behavioral effect primarily because they are more synchronously activated than other neurons that are activated transynaptically within cortex. Passive spread of current will directly activate the largest fibers in the cortex, which are the myelinated pyramidal neurons, known to have high conduction velocities (greater than 3 m/s, Finlay et al., 1976) . On the other hand, the indirectly activated Figures 2 and 3) is superimposed on the anatomical image (see Experimental Procedures). Significant activation is seen on the operculum of area V1, in the lunate sulcus, and the superior temporal sulcus. Electrical microstimulation parameters were as follows: current amplitude of 1550 mA, frequency of 100 Hz, pulse duration of 200 ms, and train duration of 4 s. The tip of the electrode was located on the operculum two horizontal brain slices below the one shown here. (E) Histogram of radius of activated MT/V5 plotted as a function of current amplitude. There is a statistically significant increase of the radius of activation as a function of current amplitude (R 2 = 0.37, F = 12.9, p < 0.01, linear regression). There is also a significant increase in the probability of getting activity transynaptically in area MT/V5 as a function of increasing current amplitude (not illustrated). When the amplitude of the current was less than 600 mA, only 1 of 52 current conditions (see Experimental Procedures) elicited significant activation in area MT. When the current was greater or equal to 1200 and less than 1800 mA, 10 of 25 current conditions (see Experimental Procedures) elicited significant activation in area MT/V5. Accordingly, the probability of transynaptically induced activity in area MT/V5 increased significantly from 2% to 40% (p < 0.001 c 2 test). Apart from the current amplitude, the remaining parameters were fixed at a 200 ms pulse duration, a 100 Hz pulse stimulation frequency, and a 4 s train duration.
neurons will be stimulated via the lateral connections, which are comprised of small unmyelinated intracortical fibers (Peters and Sethares, 1996) having low conduction velocities (Nowak and Bullier, 1997) . It is then possible that the output of the pyramidal neurons activated by way of lateral connections would be less synchronous than those activated directly. Accordingly, the more synchronously activated neurons will be more potent in driving their postsynaptic targets than ones further away from the electrode, i.e., those activated transynaptically in cortex.
The idea that microstimulation-induced synchronous activity is decoded by postsynaptic targets is supported by the recent results of Brecht and colleagues (Brecht et al., 2004) . They replicated the dual electrode stimulation experiments of Robinson and Schiller in the superior colliculus of the cat (Robinson and Fuchs, 1969; Robinson 1972; Schiller et al., 1979) with an additional twist. They introduced temporal offsets between the two stimulating electrodes and found that offsets as small as 5 ms resulted in different patterns of eye movements (vector summation instead of vector averaging). This means that millisecond changes in the temporal profile of pulse delivered directly to neural tissue can have radical effects on an evoked response.
Issues of how populations of neurons process information and the exact nature of the spatiotemporal activity patterns that are generated during stimulation can be resolved by combining electrical stimulation with fMRI in behaving animals or by combining electrical stimulation with multielectrode recording or two-photon imaging. The latter methods lend themselves to the use of extremely low currents, lower than those used in our fMRI study. Newsome and colleagues have shown that currents as low as 10 mA delivered in long trains (1 s) to a directionally selective column in MT/V5 biases a monkey's motion perception (Salzman et al., 1990; Murasugi et al., 1993) . Furthermore, current as low as 2 mA delivered in short trains (100 ms) can evoke saccadic eye movements into the receptive fields of stimulated V1 neurons as long as the animal is put under behavioral control (Tehovnik et al., 2005) . Accordingly, it would be of interest to determine the relationship between the activity patterns generated using such low currents and behavioral function.
Functional Connectivity Ascertained by fMRI Electrical stimulation of V1 produced an fMRI signal in V2, V3, V3A, V4, and MT, all of which are situated one synapse away from the site of direct stimulation in V1. These findings are supported by the known anatomical connections between V1 and the extrastriate cortex of macaque monkeys. V1 sends efferents to and receives afferents from V2, V3, V3A, V4, and MT (Lund et al., 1975; Zeki, 1978; Pandya, 1979, 1981; Maunsell and van Essen, 1983; Yukie and Iwai, 1985; Perkel et al., 1986; Van Essen et al., 1986; Sincich and Horton, 2003) . The efferent connections of V1 arise mainly from neurons in the supragranular layer and terminate mainly in layer IV of extrastriate cortex (i.e., V2, V3, V3A, V4, and MT), and the afferent connections of V1 arise mainly from the supragranular and infragranular layers of extrastriate cortex and terminate mainly outside of layer IV (Felleman and van Essen, 1991) . From this, one might predict that orthodromic activation of extrastriate cortex from V1 should activate layer IV, whereas antidromic activation should activate the supragranular and infragranular layers. Our current BOLD measurements within extrastriate cortex could not resolve the most active laminae during electrical stimulation of V1. Therefore, what fraction of the fMRI response evoked in extrastriate cortex is due to orthodromic versus antidromic activation of V1 elements cannot be inferred from our data.
Summary fMRI was combined with microstimulation to show that the excitability of the stimulated elements in V1 as measured with BOLD are similar to pyramidal neurons. This demonstrates that this method can be used to characterize the activation patterns of cortical circuits and thus provides a crucial step in understanding the relationship between cortical circuits and specific behaviors elicited electrically. In addition, we find that the local spread of activation around the electrode is beyond that predicted by passive spread of current, likely reflecting transynaptic effects. In agreement with this interpretation, we also find that activation of V1 elicits BOLD responses in extrastriate areas (i.e., V2, V3, V3A, V4, and MT/V5). Accordingly, the combined electrical microstimulation and fMRI method promises to yield new information about the functional organization of brain circuits.
Experimental Procedures Surgical and Anesthesia Procedures
Experiments were conducted in six healthy monkeys (Macaca mulatta). The studies were approved by the local authorities (Regierungspraesidium) and were in full compliance with the guidelines of the European Community (EUVD 86/609/EEC) for the care and use of laboratory animals. Recording chambers and head holders were positioned stereotactically based on high-resolution magnetic resonance anatomical images. Surgical procedures for implantation of recording chambers and head holders, anesthesia protocol during fMRI imaging, and procedures for positioning the visual stimuli have been described previously (Logothetis et al., 1999) . Briefly, the animal was intubated after induction with fentanyl (31 mg/kg), thiopental (5 mg/kg), and succinylcholine chloride (3 mg/kg), and anesthesia was maintained with remifentanyl (0.5-2 mg/kg/min). Two drops of 1% cyclopentolate hydrochloride were used in each eye to achieve mydriasis, and each eye was fitted with hard contact lenses (Harte PMMA-Linsen Firma Wohlk, Kiel, Germany) to bring it to focus on the stimulus plane (w2 diopters). After induction, mivacurium chloride (5-7 mg/kg/hr) was used to assure complete paralysis of the eye muscles. Throughout the experiment, lactate Ringer's with 2.5% glucose was infused at 10 ml/kg/hr and the temperature was maintained at 38ºC-39ºC.
Electrophysiological Recording and Microstimulation
The electrode was inserted into the cortex (the operculum of area V1) through a 2 mm trepanation done at the beginning of each experimental session. We designed and custom built the electrodes using 100 mm (diameter) pure iridium wire, which was beveled and glass coated (Corning glass 7570). Iridium is optimally suited for electrical microstimulation because it can withstand high charge densities before it corrodes electrochemically (Beebe and Rose, 1988) . By contrast, platinum 90 -iridium 10 has a lower corrosion value, which makes it less suitable for electrical microstimulation (Brummer et al., 1983; Agnew et al., 1986 ). The exposed tips of the electrodes had a large surface area (base of exposed tip between 50-100 mm and length between 60-100 mm, corresponding to impedances ranging from 30 to 450 kU). In two out of a total of sixteen experimental sessions, platinum 90 -iridium 10 was used for the experiments. On the basis of magnetic resonance images, the electrode tips were typically positioned in the granular and infragranular layers of V1 (Figures 2) .
The methods we used for conducting simultaneous electrophysiological recordings and MRI have been described previously . Briefly, induction voltages caused by gradient coil switching were compensated by using a compensation circuit that measured the induced currents on the animal with a rotational symmetric sensor placed around the electrode. Current was passed back to the animal via a mouth electrode so as to cancel the currents measured by the sensor (see Logothetis et al., 2001 , for details). For our study, we added a custom-built constant current source. Given that this current source was connected to the electrode through a 6 meter cable, we faced the problem of having to take into account the large capacitance of the cable in order to deliver the desired fast (tens to hundreds of microseconds) square pulses to the tissue. This was achieved with a custom-built compensation circuit that calculates the instantaneous amount of current needed to charge the cable capacitance by measuring the differential of the voltage across the cable and adding this current to the current desired to activate the tissue. The current amplitude, pulse duration, train duration, and stimulation frequency were controlled digitally by using a QNX (Canada) based real-time operating system. The stimulation protocol used was an event-related design. In the experiments where the chronaxie was measured, each individual scan consisted of four microstimulation conditions with different current amplitudes and fixed pulse width, train duration, and frequency. The different conditions were interleaved in a two-back history balanced eventrelated fashion (i.e., the order of presentation was counterbalanced so that trials from each condition were preceded equally often by trials from each of the other conditions for two trials back). Each scan contained a total of 66 stimulation trials. Typically, four different values of pulse width were used across different scans. This cycle of four scans with different pulse widths was repeated four to five times in the experiment where chronaxie was measured. In the experiments in which we only measured the functional activation spread, all scans had the same pulse duration but different current amplitude values.
MRI Data Collection
Experiments were conducted in a vertical 4.7 Tesla scanner with a 40 cm diameter bore (Biospec 47/40v, Bruker Medical, Ettlingen, Germany). The system had a 50 mT/m (180 ms rise time) actively shielded gradient coil (Bruker, BGA 26) of 26 cm inner diameter. We used a custom chair and custom system for positioning the monkey within the magnet (Logothetis et al., 1999) . During the visual localization experiment, we collected multishot (8) GE-recalled EPI images using a 128 3 96 matrix (0.75 3 0.75 mm 2 resolution, slice thickness 2 mm, TE = 20 ms, TR = 750 ms, FA = 40º) of the whole brain of the monkeys. Typically, 13 horizontal brain slices were acquired within 6 s. This process was repeated eight times (48 s total time) during which the stimulus was displayed. A period with no stimulus was followed which also lasted 48 s and with the same imaging protocol applied. During the microstimulation experiments, typically five or eight slices were selected so as to cover a large part of the visual cortex of the macaque. BOLD activity from these slices was acquired at a higher temporal resolution than before (1 s). MRI data collection was the same as before but with TR = 250 ms (or 500 ms), FA = 20º-25º (or 30º), and four-shot (or two) GE-recalled EPI images used instead. The voxel resolution ranged from 0.5 3 0.5 mm to 0.75 3 1 mm in plane across different experimental sessions (different days). Anatomical images were acquired typically using a matrix of 256 3 128 (0.375 3 0.5 mm resolution with slice thickness of 2 mm, IR-RARE or 2D-MDEFT). A FLASH sequence (TR/TE 2000/8.5 ms, 0.5 mm slice thickness, 187.5 3 187.5 mm 2 , 35 slices) with the image parallel to the electrode axis was used to visualize the location of the electrode tip in the cortex.
Before the start of MRI data collection, we mapped the classical receptive field of the multiple units. The multiple unit receptive fields across experiments were typically located in the lower contralateral visual field having receptive-field centers between 1 and 6 degrees of visual angle. The multiple units were activated by presenting a full-field rotating polar visual stimulus (Logothetis et al., 1999; Tolias et al., 2001 ). After establishing reliable stimulus evoked BOLD activation at the site, the event-related microstimulation experiments started.
MRI Data Analysis
MRI data were analyzed offline using our own software developed in MATLAB. We converted the multislice data collected during the microstimulation experiments into a time series of individual voxels. Functional maps, such as those presented in Figure 2B , were generated by cross-correlating the time course at each voxel with a boxcar model of the microstimulation presentation protocol shifted forward in time, typically by 2 s. These functional maps were thresholded to identify the significantly activated voxels. The threshold was set at a value of two standard deviations above the mean of the distribution of correlation coefficients of a region in the functional map where no brain activity was present (50 3 50 voxels, upper right corner of the functional map). In addition, we applied a simple clustering algorithm that eliminated random spuriously activated voxels. We centered a 4 3 4 window on each of the activated voxels. If there were not at least another seven activated voxels within this window, then the activity of the voxel was defined as spurious and was not considered significant. Accordingly, the probability of a false positive equals (because the threshold was set at two standard deviations above the mean of a distribution of noise correlation coefficients then this corresponds to a one-tail a value of 0.025): This is a very stringent statistical criterion for detecting activated voxels. By lowering the threshold and using this simple clustering algorithm, we achieved consistently focal activation over the gray matter ( Figure 2D) . A similar analysis methodology was also used by Tolias and colleagues previously (Tolias et al., 2001) . The borders between a number of visual areas were marked based on anatomical criteria (Desimone and Ungerleider, 1986; Gattass et al., 1981 Gattass et al., , 1988 . Specifically, area V1 was determined to lie on the operculum. We considered area V2 within the posterior bank of the lunate sulcus. The fundus and anterior bank of the luneate were defined to be in V3/V3A. We determined area V4 to be located on the prelunate gyrus between the lunate and superior temporal sulcus, whereas area MT/V5 was identified to lie in the posterior bank and fundus of the superior temporal sulcus. Finally, we examined the activation of a region that included both V2 and V3 (V2/V3) within the inferior occipital sulcus.
